ABSTRACT
INTRODUCTION
T he coach should seek to be a facilitator rather than a director during the training process; he is also responsible for the consideration of the possible outcomes (e. g. injury, overtraining, stress) that might arise due to incorrect training program (Cross, 1999) . In order to improve training and coaching performance by individualization of activity there is a need for information technology that could monitor and provide feedback on physiological parameters.
Researchers were interested in increasing the performance of sportspeople by logging the results during training, on-line or off-line analysis and presentation of the analysis results to the coach and athletes, preventing injuries during rehabilitation of sportspeople (Glaros et al., 2002) . However, the amount of information they provide is not enough for the coach. Usually only one physiological parameter, i. e. the heart rate (HR) is measured. The physiological parameters are needed for functional state evaluation of a sportsman or sportswoman for optimising his or her performance during the training process (Vainoras, 2002; Kellerman, 2006; Poderys, 2006) . The aim of this study was to develop the monitoring system for monitoring cardio respiratory changes during sports training lessons and daily living activities and executing on-line and off-line data analysis. This study was the part of EUREKA project HEART GUARD (Korsakas et al., 2006) . The main task of this project was to develop the personal wireless ECG and motion activity device and warning system for long term monitoring of home care patients or sportspeople.
METHODS
System architecture. The system architecture design includes the defi nition of system components and implementation requirements, specification of requirements for each unit, specifi cation of interactions inside the system including data transfer standards. The architecture of ECG and motion activity monitoring system is presented in Figure 1 . It consists of wireless ECG and accelerometer signals registration and transmission device (Fig. 2) , computer and two packages of software. The fi rst software package is intended for on-line analysis of vital signals and the second one -for comprehensive off-line analysis of stored data about athletes during monitoring.
A new ECG system consisting of fi ve electrodes and three ECG leads has been proposed ( Fig. 2) : the fi rst electrode is placed in the position of standard lead V1, the second one -V 4, the third one -V 5, the fourth -V 6, and the fi fth electrode is placed bellow the chest.
Algorithm for evaluation of monitoring parameters. We described the data stream during monitoring using the convolution of Moore and Mealy automata (Berskiene et al., 2005) . The data from ECG, respiration and motion parameters were obtained and evaluated by Mealy (M l ) automaton, later they were analyzed by Moore automata (M r ).
Calculation of breathing frequency from the ECG data. It is important to have as much information from the processes which could be recorded in simple noninvasive way as possible. An ECG is such a process, and in spite of the fact that ECG seems much investigated, the investigators in many countries are looking for new information on ECG. One attempt was to fi nd methods for the evaluation of the function of lungs according to ECG changes that were infl uenced by respiration. It is well known that during the deep breathing frequency of the heart rhythm increases in the inspiration phase and decreases in the expiration phase. It means that HR is infl uenced by the regulatory systems and directly-through the changing pressure in breast. It seems that evaluation of breathing according HR change is rather a simple task, but unfortunately, it is rarely used in clinical practice. The reason of such situation could be explained by the relation of heart rhythm variability on the frequency of the heart, i. e. the increasing frequency causes the decrease of dispersion.
Twenty eight female athletes (22.6 ± 0.43 years old), involved in aerobics exercise program (2-3 times per week for 1.5 years) participated in the study. Personal monitor was fi xed on each subject' s breast and all data were being recorded for 24 hours. The measures of the evaluation of all day activities were taken in the morning, an hour after they woke up, in the evening, at about 7-8 p. m., and at night, about 2-3 a. m. (Fig. 4 , upper curve). The criteria for the evaluation of ECG data are presented in Table 1 and the criteria for respiration frequency and motion activity evaluation are shown in Table 2 . a table of calculated parameters (upper part) and input data (bottom part). Column HR (heart rate) includes data, estimated from current RR interval and in dHR -the difference of HR (dHR), estimated from current and previous RR interval, and column Cmp (comparison) contains the estimation of dHR (S -the same, I -increased, D -decreased); the column DQrs the duration (in ms) of current QRS complex (DQrs), and in column dDQrs -the difference of duration between current and previous QRS complex (dDQrs), column Cmp -the estimation of dDQrs; column sST -the amplitude (in μV) of deviation of current ST-segment from baseline, column dsST -the difference in amplitude between the current and the previous ST-segment (dsST), and column Cmp -the estimation of dsST. The following three columns (BR, dBR, Cmp) present the results of estimation of breathing frequency (Bf), (times per minute), determined from ECG data. Then the next two columns (Figure 3 , bottom) consist of three ECG leads D1, D2, D3 (fD1 = Φ1 -Φ2, D2 = Φ1 -Φ3, D3 = Φ1 -Φ4, where Φ1, Φ2, Φ3, Φ4 are potentials, recorded in 1, 2, 3 and 4 points) and 3 motion signals (the last three curves in the underside of Figure 3 represent the intensity of body movement in horizontal (x), vertical (y) or transversal (z) directions).
The real time software for personal monitor is created by using plain C ++ and it can run on different PC platforms.
In the training session three points during the warm up, the maximal activity, and the recovery have also been taken (Fig. 4, bottom curve) . It is easy to see that in the day time, when HR changes are not so meaningful, the changes of HR variabi- lity (Va = SD / mean) are marginal also, but during aerobic fi tness training the variability drops down signifi cantly, and in this case the evaluation of breathing becomes problematic. Another problem is the disturbances of the heart rhythm, when the sequence of heart beats dramatically changes. Seeking to increase the accuracy of the evaluation of the breathing frequency we have to fi nd other means on ECG which could refl ect the breathing process. A stroke volume is about 100 ml of blood during every beat. When a greater amount of blood fl ows to the lungs, the resistance of the breast decreases. ECG shows it as a change of R wave amplitude. An augmentation of load causes the increase of stroke volume, and the changes of R wave increase too. For the same students the changes of R amplitude in the same situationsduring the day (Fig. 5, bottom curve) and during aerobic exercise (upper curve) were evaluated. As it was expected, during load the variability of R wave increased, which means that this parameter could improve the accuracy of the estimation of breathing.
According to the information obtained from individual detailed investigation of R wave amplitude changes, algorithm for calculations of breathing frequency was developed. The fi rst step was to choose an interval in which the frequency would be calculated, for example, from 10 s to 30 s, the longer interval could lead to overlooking some sudden breathing problems. In the chosen interval the QRS complexes were detected and R wave amplitude, together with RR intervals (interval between two adjacent QRS complexes) were measured (Fig. 6 a) . The mean value of R amplitude and RR interval were calculated. The ratio of individual parameter to the mean for every beat was calculated, too. With accuracy ε in the chosen interval the maximal and minimal values of R wave amplitude and RR intervals were detected. The intervals between the detected maximal and minimal values were calculated and the means of both were obtained. These mean values represent the frequency of breathing.
Off-line analysis of stored monitoring data. The on-line monitoring program always records ECG and motion activity data to PC hard disk. These data are intended for the analysis using mathematical and expert methods, and results are assigned for medical or coaching staff. For this purpose the off-line software for comprehensive analysis of stored person monitoring data was developed. The off-line software performs the following functions:
• recognition and measurement of ST-segment changes, JT interval duration, RR interval duration and visual representation in a time domain; • using R wave's magnitudes and RR time interval sets, calculation of respiration frequency and presentation it in visual time domain format (Fig. 6 ); • QRS complex detection and classifi cation to determined classes; • representation of monitoring data and events in time domain, selection of the event environment, measurement of magnitude and duration; • calculation of set disperson of values of R an S wave's magnitude, relation of JT and RR time intervals and presentation of visual results in Poincare diagram and time domain format; • determination of the patient's position (horizontal or vertical), evaluation of the patient's activity (Fig.7) , and detection of "patient markers" from the accelerometer data; • writing the fi nal report of the patient's monitoring results (Fig. 8) .
After the recognition of QRS complex its marks of onset and offset were defined, the measurement of QRS duration and determination shape was performed, and the classification of QRS to five classes was accomplished: normal beats (N), supraventricular beats (S), ventricular beats (V), fussion beats (F), pacemaker beats (Q), and unclassified complexes (U) formed the last group. Figure 6 presents means of breathing frequency, detected from oscillations of R wave during inspiration and expiration. After 200 s from the beginning of the investigation the athletes were asked to breath frequently; the developed algorithm gave the correct result, and actual results matched the results obtained in the program.
The sample of results of the evaluation of the athlete's activity could be observed in Figure  7 : till the fi ftieth second of the investigation the athletes were resting, and after load was increased up to 450 W till the end of the investigation (400 s).
The beginning of the fi nal repeat (Figure 8 ) gives the statistics of detected rhythmic disorders: the total monitoring time, the starting time of the investigation, the total number of recorded heart beats, and among them -the number of abnormal ventricular and supraventricular heart beats with ratio (in percent) to all beats. Then the maximal and minimal HR values are presented, and the results of detailed analysis of detected arrhythmic events are supplied. In the bottom part of Figure  8 , the trend of ST-segment displacement (in μV) STa from baseline during the whole period of investigation can be observed.
The off-line software package is created using plain C++ and it works in the WINDOWS environment with the PC PENTIUM-IV 3 GHz processor about 5 sec for data record 1 hour duration and 6 channels by 500 Hz sampling rate. In the nearest future the developed personal monitor with patient functional state evaluation software will be tested according IEC 60601-2-47:2001 using standard data bases.
The investigations of respiration frequency (28 female students during their every day life for 24 h and during their aerobic fi tness training) from ECG parameters during physical load showed the adequacy with real situation.
DISCUSSION
Many methods for the assessment of energy expenditure under daily living conditions, such as monitoring HR, or physical activity level measured by doubly labeled water and accelerometry, accelerometry combined with HR telemetry, por-table global positioning units in complement with accelerometry were proposed (Hoos et al., 2003; Kumahara et al., 2004; Rodriguez et al., 2005) . It was shown that a combination of HR and accelerometry as well as accelerometry alone could serve as a method for the assessment of energy expenditure during daily living activities (Kumahara et al., 2004; Karantonis et al., 2006) . In the developed ECG and motion activity monitoring system, the proposed decision algorithm based on the convolution of Moore and Mealy automata and two packages of software on-line and off-line data analysis were implemented. The software for the evaluation of the patient's activity was tested on 11 healthy students with a mean age of 20.6 (S.D. 3.3) years by using the mobile device during the performance of activities of various intensities. The integration period was set at 10 s, and the fi nal output was expressed as integrated physical activity level. The increase in physical activity level during the brisk walk was 1.40 ± 0.12 times higher as compared to the one during the slow walk (it corresponds to motion level 2 presented in Table 2 ), and during the jogging session it was 1.89 ± 0.14 times higher than during the slow walk (it corresponds to motion level 3 presented in Table 2 ).
Literature analysis shows an increasing interest in the application of information technologies in sports training (Vainoras, 2002; Kellerman, 2006; Poderys, 2006) . The aim of the EUREKA project "Mobile Personal ECG Monitor, HEART GUARD" was to develop a new device for monitoring cardiovascular functioning under daily life conditions and to develop and implement the monitoring of physical activity into the system using accelerometers and wireless technologies of data transmission.
CONCLUSION
The results obtained during the investigations show that the developed ECG and motion activity monitoring system with two packages of software allows to measure cardio respiratory changes and changes in the intensities of physical activity during the training session and under daily living conditions.
